This study analyses the residual femur motion of a single amputee within a transfemoral socket during a series of daily living activities. Two simultaneously transmitting, socket mounted transducers were connected to two ultrasound scanners. Displacement measurements of the ultrasound image of the femur were video recorded and measured on "paused" playback. Abduction/adduction and flexion/extension of the residual femur within the socket at any instant during these activities were estimated, knowing the relative positions of the two transducers and the position of the residual femur on the ultrasound image.
Introduction
Klasson (1997) related the socket fit to the stiffness of the coupling between the skeleton and socket. Erikson and Lemperg (1969) , Grevsten and Erikson (1975) and Lilja et al. (1993) all used radiographic techniques to analyse residual tibial movement within transtibial sockets. Mayfield et al. (1977) , Long (1985) , Sabbolich (1985) and Flandry et al (1989) also used radiographic techniques to analyse residual femoral movement within transfemoral sockets. However, radiography is limited by the risk of ionising radiation that may restrict studies to static simulated instants of the gait cycle. Diagnostic ultrasound has no known side effects and was used by Matsopoulos (1993) to assess the static position of the residual femur in both quadrilateral and ischial containment trans-femoral sockets.
Daily living activities have previously been studied. Yu et al. (1997) reported on the kinematic and kinetics of the lower limb during normal stair-climbing, Kerr et al. (1997) analysed the sit-stand-sit movement cycle in normal subjects and Sandford et al. (1997) reported on the effects of ramp slope on people with mobility impairments. Murray and Convery (2000) discussed the measurement errors in the calibration of two ultrasound transducers mounted on the lateral proximal and lateral distal trans-femoral socket wall. Errors of <1° were noted. Two linear array 5MHz transducers were connected to a separate Shimadzu diagnostic ultrasound scanner (SDU-400). Slots were cut on the lateral socket wall to enable both transducers to be mounted such that the sensors contacted the stump tissue. Murray and Convery confirmed that the two transducers positioned transversely on the lateral socket walls were parallel but 94mm apart distally. Relative to the proximal transducer the distal transducer was internally rotated 8° and the centreline of the distal transducer was 19mm anterior of the centreline of the proximal transducer. X-ray and ultrasound studies confirmed that the maximum pistoning of the stump in the socket was lmm.
Convery and Murray (2000) discussed the interpretation of ultrasound data to estimate femoral motion within the socket during gait. Graphs la and lb illustrate, during level walking, a variation from 2° adduction to 9°a bduction and 6° of flexion to 6° of extension respectively.
The analysis and interpretation of the ultrasound data video recorded during daily living activities is reported in this paper. Six daily living activities were investigated, each activity being repeated 10 times.
Subject
The subject was a 39-year-old male whose left trans-femoral amputation was a result of an industrial accident. The prosthesis consisted of a total contact quadrilateral laminated socket with a waist belt suspension system, stabilised knee and uniaxial foot. The subject, an active 85kg, 1.82m tall amputee, considered the socket to be a comfortable fit.
Methodology
The ultrasound image of the residual femur within the socket was displayed as a semicircular arc with the transducer surface as the horizontal line across the top of the screen (Fig. 1) . The x distance was measured parallel to the transducer, from its centreline to the apex of the femoral image. The z distance was measured perpendicular from the transducer surface to the apex of the arc of the femur. The x and z coordinates of the apex of the arc were measured on "paused" video playback. The proximally positioned transducer was approximately parallel to the medial brim of the quadrilateral socket. The orientation of the distal transducer relative to the proximal transducer was compensated for by adjusting the x and z coordinates measured by the distal transducer. At any instant the position of the residual femur was estimated relative to the medial brim of the socket. Motion of the femur perpendicular to the proximal sensor surfaces was considered to be abduction if towards the sensor and adduction if away. Motion of the femur parallel to the proximal sensor surfaces was considered to be flexion in the anterior direction and extension in the posterior direction. The abduction/adduction of the femur at any instant was estimated from tan 1 [(the difference in the adjusted z co-ordinates of the apex of the femoral image from the two transducers)/(the axial distance between the two transducers)]. Similarly, knowing the x co-ordinates of the apex of the femoral image and the horizontal off-set of the two transducers, the flexion/extension of the femur was estimated from tan' [(the difference in the adjusted x coordinates)/(the axial distance between the two transducers)].
During each activity the motion of the "apex" of the circular arc of the femur within each transverse sensing plane was video recorded at 25Hz. The lower 20% portion of the ultrasound image on the VDU was redundant with respect to measurements of the femoral displacement. A special video-recording configuration was necessary to ensure synchronisation of the ultrasound scanners. One video camera, two video mixers, A and B, and two video recorders, A and B, were employed. During the activity the video camera viewed the subject's lower limbs and also the illumination of a stationary light bulb. The view from the video camera was transferred to video mixers A and B by a spliced cable. The proximally positioned transducer was connected to scanner A whose output was transferred to video mixer A. Mixer A was adjusted to superimpose the output from the video camera on the lower 20% of the ultrasound image from scanner A. The split screen presentation from video mixer A was recorded on video recorder A. A similar procedure was adopted with the distally positioned transducer, using scanner B, mixer B and video recorder B. The video playback from both recorders was synchronised using the illumination of the bulb. Careful advancement of both videos and observation of the lower limb on the portion of the screen established particular instants during the activity. Figure 1 illustrates the split screen presentation of the distal transducer during mid-swing.
The first activity consisted of walking up a 2m long 5° incline and then continuing to walk down the other side of a 2m long 5° incline. The consistency of the subject's walking speed up and down the incline was assisted with the use of a metronome.
Activity two involved, during a walk, turning 180° to the right and walking in the opposite direction. The metronome controlled the rate of walking. However, the subject determined the rate of turning. For analysis, the turning activity may be subdivided as follows: A. Heel-strike of the prosthetic left foot B. Turn commences. Toe-off prosthetic left foot. Right foot pivoting commences C. Initial contact of prosthetic foot and adjustment of both feet to face opposite direction of motion D. Turn complete. Gait re-commences with initial swing of left prosthetic limb E. Heel-strike of prosthetic left foot.
Ultrasound data was recorded from heel-strike of the prosthetic foot until heel-strike of the prosthetic foot walking in the opposite direction.
The third activity consisted of walking up to a 200mm high platform which was 400mm wide, stepping up onto the platform, pausing on the platform and stepping down from the platform to maintain the walk in the same direction. Activity four consisted of standing up from a seated position on a 45cm high chair followed by sitting from a standing position. The subject determined the rate of standing and sitting. The spit screen image permitted observation distal to mid-thigh. Ultrasound data was recorded while the subject rose from the sitting position to standing upright. After 5 seconds standing upright the subject then lowered himself on to the chair. For analysis, the standing and sitting activity was subdivided as follows: A. Seated B. Standing commences C. Standing complete D. Sitting commences E. Sitting complete F. Seated.
Ultrasound data was recorded from A to F throughout this activity.
The fifth activity consisted of single and double support during standing. The amputee adopted a typical "at ease" stance with a walking stick held on the side opposite his prosthesis. The residual femur was monitored first in double support, then in single prosthetic support and finally double support.
Activity six simulated prosthetic suspension. The amputee adopted a typical "at ease" double support stance with a walking stick held on the side opposite his prosthesis. The amputee adopted lateral bending to the stick side to ensure non-weight bearing of the prosthesis and finally a period of double support again.
The sample rate of ultrasound data was restricted to 25Hz due to the limitations of the single head video recorder used to record the ultrasound image. Each activity was repeated 10 times and ultrasound data was video recorded and measured on "paused" play back. The ultrasound data was downloaded to spreadsheets from which average motion at any instant during the activity could be estimated.
The orientation of the femur at the commencement of all of the daily living activities varied. The orientation of the femur within the socket was estimated at the start of each activity and this position was subtracted from all subsequent measurements during the activity. This procedure ensured that the presented graphs indicate the motion pattern from a zero starting reference. 
Results
The pattern of femoral motion during inclined walking was similar to Graphs la and lb ""previously reported by Convery and Murray (2000) during level walking. Graph 2a illustrates the average abduction/adduction of the femur during uphill and downhill gait. As expected, the downhill walking speed was marginally faster. A reduction of 1° in the range of abduction was noted in both uphill and downhill walking relative to level walking. Graph 2b illustrates the average flexion/extension of the femur during uphill and downhill gait. Relative to level gait, during uphill walking the residual femur extended by an additional 1° at mid-stance, with flexion at toe-off reduced by 1°. Relative to level gait, during downhill walking, extension of the residual femur at mid-stance reduced by 1° and flexion at toe-off increased by 2°.
Graphs 3a and 3b illustrate the average abduction/adduction and average flexion/ extension respectively of the femur while walking, turning 180° to the right and walking in the opposite direction. During the turn (B to D), relative to level gait, the range of adduction increased by an additional 1° and because both feet were adjacent during the "foot shuffle" at D, the end of the turn, the range of abduction was reduced by 1°. At D, the reduction in the range of extension may be due to the adjacent by positional feet.
Graphs 4a and 4b illustrate the abduction/adduction and flexion/extension respectively of the femur while stepping up and stepping down from the 200 mm high platform. During step up of the sound limb, (B to C), the residual femur abduction was similar to that of level gait while extension increased by 1°. (G to H) minimal adduction/abduction of the residual femur occurred although the range of flexion was similar to level walking. During step down of the sound limb, (I to J), the range of abduction and extension was similar to that of level walking.
Graphs 5a and 5b illustrate the abduction/adduction and flexion/extension respectively of the residual femur while standing up and sitting down on a 450mm high chair. During the standing up activity, (B to C), the residual femur adducted 7° whilst simultaneously extending 12°, from 5° of flexion to 7° extension. During the sitting activity, (D to E), the residual femur adducted 1° and flexed 3°. Graphs 6a and 6b illustrate that negligible abduction/adduction and flexion/extension of the residual femur occurred during total weight bearing on the prosthesis. The pelvic tilt adopted by the amputee to transfer total body weight to the prosthesis minimised motion of the residual femur.
Graphs 7a and 7b illustrate the 9° adduction and the 8° flexion respectively of the residual femur during suspension of the prosthesis. The amputee adopted lateral bending of the trunk towards the walking stick on the sound side.
The orientation of the femur at the commencement of all the daily living activities was not consistent. The appropriate orientation of the femur at the start of the activities was subtracted from the subsequent data to ensure a zero reference in the Graphs 1 to 7 inclusive. Table 1 lists the average, (standard deviation), orientation of the femur at prosthetic heel-strike of the 10 starts of the activities associated with walking. The orientation of the femur at the commencement of all the daily living activities not associated with walking was treated in a similar fashion and the results are listed in Table 2 .
Graphs 1 to 7 illustrate the average variation in femoral motion during the daily living activities. The consistency of the femoral motion during any one of these activities was obtained from the analysis of the 10 repeats of the activity. Table 3 lists the median standard deviation in abduction/adduction and flexion/extension during the 10 repeats of the activity.
Discussion
Ultrasound measurements using the scanner are limited to an accuracy of lmm. The pattern of angular motion of the femur during the daily living activities was also consistent.
A review of the video indicated that during the uphill walk, the second prosthetic step was repeatedly short, because it approached the top of the incline. Both prosthetic step lengths during downhill walking were consistent. The pattern of femoral motion shown in Graph 2 was repeatable with the median standard deviations of both uphill and downhill walking similar to that previously reported with level walking.
The pattern of femoral motion shown in Graph 3 was repeatable and the increased median standard deviations during the turning activity suggest a greater inconsistency relative to level or inclined walking. Although the ultrasound data was synchronised at prosthetic heel-strike the subject dictated the timing of the 10 turning activities and the recordings were longer than that of a typical gait cycle.
During the step up/step down activity the femoral motion pattern was regular as shown in Graph 4. The median standard deviations during step up/step down suggest a greater inconsistency relative to level or inclined walking. Again this may be due to the fact that the subject dictated the timing of the 10 step up/step down activities and the recordings were longer than that of a typical gait cycle.
Although standing up and sitting down is a common daily activity and the subject's motion pattern was regular the increased median standard deviations noted suggest an even greater inconsistency. This may reflect the variability of the standing/sitting procedure adopted by the subject compared with that adopted during typical gait.
As the amputee tilted his pelvis and transferred his total weight to the prosthetic limb, the extent of femoral motion within the socket was minimal relative to the other activities. The reduced median standard deviation demonstrated the repeatability of the weight transfer activity.
Total prosthetic support is a more repeatable activity than prosthetic suspension for this amputee. During suspension one might expect the stump to abduct felatiye to the socket. However, a review of the video illustrated that the subject adopted a posture with the prosthesis maintained in position ahead of and towards the mid-line of the subject. This particular prosthetic suspension induced 9° adduction and 8° flexion of the residual femur relative to the lateral wall of the socket.
Conclusions
The terms, abduction/adduction and flexion/extension used in this paper, relate to motion relative to the socket only since no simultaneous kinematic study of the prosthesis was undertaken.
The femoral motion pattern within the transfemoral socket was repeatable throughout the monitored daily living activities of the single amputee studied.
The motion patterns were very consistent for this particular trans-femoral patient wearing the socket investigated. Further studies of more amputees are required to validate the motion patterns presented in this study.
The range of femoral motion within a socket may be used in future as an indication of socket fit.
